Coniferous trees have both constitutive and inducible defences that deter or kill herbivores and pathogens. We investigated constitutive and induced monoterpene responses of jack pine (Pinus banksiana Lamb.) to a number of damage types: a fungal associate of the mountain pine beetle (Dendroctonus ponderosae Hopkins), Grosmannia clavigera (Robinson-Jeffrey & R.W. Davidson); two phytohormones, methyl jasmonate (MJ) and methyl salicylate (MS); simulated herbivory; and mechanical wounding. We only included the fungal, MJ and mechanical wounding treatments in the field experiments while all treatments were part of the greenhouse studies. We focused on both constitutive and induced responses between juvenile and mature jack pine trees and differences in defences between phloem and needles. We found that phytohormone applications and fungal inoculation resulted in the greatest increase in monoterpenes in both juvenile and mature trees. Additionally, damage types differentially affected the proportions of individual monoterpenes: MJ-treated mature trees had higher myrcene and β-pinene than fungal-inoculated mature trees, while needles of juveniles inoculated with the fungus contained higher limonene than MJ-or MS-treated juveniles. Although the constitutive monoterpenes were higher in the phloem of juveniles than mature jack pine trees, the phloem of mature trees had a much higher magnitude of induction. Further, induced monoterpene concentrations in juveniles were higher in phloem than in needles. There was no difference in monoterpene concentration between phytohormone applications and G. clavigera inoculation in mature trees, while in juvenile trees MJ was different from both G. clavigera and simulated herbivory in needle monoterpenes, but there was no difference between phytohormone applications and simulated herbivory in the phloem.
Introduction
Conifers are attacked by a wide variety of organisms and have developed physical and chemical defences to protect their tissues from herbivory and pathogen infections. Constitutive defences are always present in a tree to discourage invaders, whereas induced responses are triggered by injury and aim to limit further damage (Johnson and Croteau 1987 , Brignolas et al. 1998 , Hudgins et al. 2003 , Franceschi et al. 2005 , Erbilgin et al. 2006 , Lieutier et al. 2009 , Eyles et al. 2010 . Constitutive defences include resin ducts, stone cells and a broad spectrum of stored secondary metabolites and alkaloids, while induced responses include numerous anatomical changes, such as traumatic resin duct formation and the activation of polyphenolic parenchyma cells, and quantitative and qualitative changes of secondary metabolites such as terpenoids and phenolics (Franceschi et al. 2005 , Eyles et al. 2010 .
Induction of terpenoids has been commonly observed in several conifer species (Erbilgin et al. 2006 , Mumm and Hilker 2006 , Moreira et al. 2009 , Eyles et al. 2010 , Colgan and Erbilgin 2011 . Terpenoids are a family of carbon-based compounds that include monoterpenes, sesquiterpenes and diterpenes. Terpenoids can kill herbivorous insects or impede their development and have been linked to insect and disease resistance in conifers (Keeling and Bohlmann 2006) . While the majority of studies have focused on plant-induced defences to a single organism, few studies have investigated induced defences of trees against multiple enemies in a single study. Such studies are of interest not only because they reveal much about the integration and coordination of plant defences against multiple organisms, but they are also important for the mechanistic understanding of both patterns and processes that control tree-enemy interactions.
In this study, we investigated constitutive and induced chemical responses of jack pine (Pinus banksiana Lamb.) against a number of agents: Grosmannia clavigera (Ascomycota: Ophiostomatales), a fungal associate of mountain pine beetle (Dendroctonus ponderosae Hopkins) (Coleoptera: Curculionidae); two commonly used phytohormones (methyl jasmonate (MJ) and methyl salicylate (MS)) to induce defences in plants; a mechanical defoliation to simulate feeding by folivorous insects, such as the jack pine budworm (Choristoneura pinus pinus Freeman) (Lepidoptera: Tortricidae); and a mechanical wounding.
Jack pine is a dominant tree species in the Canadian boreal forest, extending from northern Alberta in the West to Nova Scotia in the East. It is also a dominant species in the Great Lakes Region of the USA. Jack pine has received much attention over the last few years due to recent host expansion of the mountain pine beetle in western Canada (Logan et al. 2003 , Carroll et al. 2006 , Colgan and Erbilgin 2010 , Lusebrink et al. 2011 . The invasion of jack pine forests by the mountain pine beetle provides a unique opportunity to test jack pine defences to the mountain pine beetle attack. However, since experiments with live mountain pine beetles are not permitted in jack pine forests and beetle attacks are limited to large trees in nature, G. clavigera was used as a proxy to observe mountain pine beetle-induced chemical changes in jack pine. Inoculations with fungi are commonly used in experiments to induce tree responses in conifers , Bonello and Blodgett 2003 , Lieutier et al. 2009 , Colgan and Erbilgin 2011 . Grosmannia clavigera was selected because among other microbial associates of the mountain pine beetle it is likely adapted to survive the cold winters of the boreal forest and to become more prevalent in the fungal community of mountain pine beetle (Rice et al. 2008) .
There are too many species of insects and pathogens associated with jack pine in boreal forests to use all of them in a single study. Instead, two phytohormones, MJ and MS, were applied to stimulate the biochemical pathways of induced responses and to compare jack pine responses to these compounds and to G. clavigera and simulated herbivory damage. Methyl jasmonate and MS are methyl esters of the phytohormones jasmonic acid and salicylic acid, respectively, and are important in signalling defence responses in plants to insect and pathogen attacks, respectively (Felton and Korth 2000 , Bostock 2005 , Stout et al. 2006 , Heil and Ton 2008 . In conifers, the exogenous application of MJ can induce terpenoid accumulation along with other anatomical changes in the phloem (Martin et al. 2002 , Hudgins et al. 2003 , Franceschi et al. 2005 , Erbilgin et al. 2006 , Krokene et al. 2008 , Zhao et al. 2010 ). In contrast, there are few studies that explore the role of MS in conifers, but some have shown that MS accumulated after a pathogen attack in Norway spruce (Picea abies Karst.) tissues (Kozlowski et al. 1999) , and that Pinus species expressed chitinase homologues after MS was applied as a soil drench (Davis et al. 2002) . Additionally, MJ application induced MS accumulation in Norway spruce, suggesting a possible cross-talk between these two hormones (Kozlowski et al. 1999 , Hatcher et al. 2004 , Bostock 2005 , Beckers and Spoel 2006 . Cross-talk refers to the transfer of these hormones between different chemical defence pathways and is a potential mechanism for 'fine-tuning' defence reactions in plants (Taylor and McAinsh 2004) .
At the time of this study, we could not obtain live jack pine budworm larvae to use in the experiments, so mechanical defoliation was used to simulate jack pine budworm feeding. Jack pine budworm is the most important defoliator of jack pine trees in the boreal forest (McCullough 2000) and can induce defensive responses, primarily monoterpenes, in jack pine (Wallin and Raffa 1999 , Colgan and Erbilgin 2011 , Lusebrink et al. 2011 .
This study focused on monoterpenes in both constitutive and induced responses of mature and juvenile jack pine trees because they have been well studied in several conifer systems (Raffa et al. 2005 (Raffa et al. , 2008 , are part of the inducible defence responses of jack pine Raffa 1999, Colgan and and play a major role in inter-and intraspecific communication in conifer-bark beetle systems (Erbilgin and Raffa 2000 , 2001 , Raffa et al. 2005 , Colgan and Erbilgin 2011 .
The objectives were to: (a) compare monoterpene concentrations and compositions among damage types, (b) evaluate response to MJ and MS applications and compare them with responses to G. clavigera inoculation and simulated herbivory, (c) compare responses of needles and phloem tissues to damage types in juvenile jack pine trees and (d) qualitatively explore the relationship between responses in juvenile and mature trees.
Materials and methods

Field experiment
In July 2008, 70 mature jack pines (mean ± SE diameter at breast height: 20.1 ± 0.04 cm) without any visible insect and disease symptoms were selected from a jack pine forest Damage type and plant ontogeny affect jack pine defences 947 located ~200 km north of Edmonton, Alberta (N55°02.32′, W114°02.97′). Trees were randomly assigned to one of seven treatments: 25 and 100 mM MJ applications, 12 and 36 G. clavigera inoculations (Northern Forestry Culture Collection, 2896), 12 and 36 mechanical wounds and untreated controls (N = 10/treatment).
For MJ application, the outer bark (cork layer) was scraped off at a section of the tree bole between 80 and 155 cm from the forest floor and a 25 or 100 mM MJ solution with 0.1% (v/v) Tween 20 was applied to the shaved area using a spray bottle (Erbilgin et al. 2006) . Since the cork is not living, removing the outer bark does not harm the tree. Tween 20 is a biologically non-active surfactant used to emulsify MJ. In many species of conifers, application of 100 mM MJ induced responses similar to wounding (Hudgins et al. 2003) and was chosen as the highest concentration in this experiment following other studies (Martin et al. 2002 , Erbilgin et al. 2006 .
For G. clavigera inoculations, 12 equally spaced 5 mm holes were drilled in the sapwood in a ring around the bole ). For trees with 12 inoculations, holes were drilled in a single ring at 130 cm above the forest floor. For trees with 36 inoculations, 12 holes were drilled around the bole at 105, 130, and 155 cm above the forest floor. A 4 mm plug of G. clavigera on colonized malt extract agar was placed in each hole. Each inoculation ring was covered in masking tape and the section of the bole was wrapped with cling wrap and sealed with duct tape to avoid contamination. The highest inoculation treatment (36 holes) was chosen as the upper inoculation level because Raffa and Berryman (1983) reported that mountain pine beetle minimizes intra-specific competition by optimizing mass attack density to be ~60 attacks per m 2 . The area of the bole used here for inoculation is compatible with the suggested optimal attack density. Mechanical wounding was prepared using the same method as fungal inoculations, except that drilled holes were left empty. Mechanical wounding was included to ensure that inoculation-caused changes were beyond the physical damage alone.
After application of treatments, trees were left for 8 weeks and then were sampled. One 3 × 3 cm phloem sample was taken from each tree 5-20 cm above the MJ-treated area, the top inoculation or wounding ring. The lengths of four evenly spaced lesions (from every third inoculation) were measured from every inoculation or wounding ring per tree (i.e., 4 measurements from the 12 inoculations or wounding trees and 12 measurements from 36 inoculations or wounding trees). A lesion is an area of necrotic tissue that forms around a site of pathogen entry and is commonly used to quantify induced responses to pathogens, where smaller lesions indicate better tree defences Blodgett 2003, Krokene et al. 2008) . For inoculated trees, one phloem sample from inside inoculated lesions was flame sterilized and put on malt extract agar to reculture G. clavigera. Although the common air-borne Penicillium spp. and endophytic bacteria were present in all samples, G. clavigera was present in almost all inoculated trees, suggesting that inoculations were successful.
Greenhouse experiment
Parallel to the field study, a common garden experiment was conducted in a greenhouse at the University of Alberta, using 2-year-old jack pine seedlings. Seedlings were obtained from Boreal Horticultural Services Ltd (Bonnyville, AB, Canada), watered daily and fertilized weekly for ~12 weeks. After treatments were applied, fertilization was stopped to exclude any nutrient-defence interactions (e.g., Zhao et al. 2008) . The healthiest seedlings of a similar height (44.2 ± 0.04 cm) and diameter at the base (8.3 ± 0.01 mm) were chosen and randomly assigned to one of 16 treatments: 10, 25 and 50 mM MJ or MS applications; 10, 25 and 40% simulated herbivory (mechanical defoliation); 1, 3 and 6 G. clavigera inoculations; 1, 3 and 6 mechanical wounds; or untreated controls. There were 10 seedlings in each treatment, except in mechanical wounding and control treatments, each of which had five seedlings. Smaller sample sizes were chosen for these treatments because without any induction treatment, variation among seedling chemistry was expected to be small (Lusebrink et al. 2011) .
Treatments were applied on 23 July 2008. For MJ and MS applications, 10, 25 or 50 mM solutions with 0.1% (v/v) Tween 20 were applied to the bottom third of the bole using a paintbrush. Needles and branches were not painted. Seedlings were not watered for 24 h to ensure that the solutions were absorbed. For simulated herbivory, needles were clipped near their base using scissors to mimic budworm feeding. Foliage was removed daily over a 10-day period and was visually quantified to a final total defoliation of 10, 25 or 40%. For G. clavigera inoculations, the outer bark and phloem of seedlings were removed using a 3 mm cork borer, and a plug of agar with mycelia was placed in the hole(s). The bole section was wrapped in Parafilm to secure the inoculum and minimize possible contamination. Inoculation points (1, 3 or 6 holes) were vertically spread over the bole below the crown and adjacent holes were placed 180° from one another. Mechanical wounding prepared in the same way but with the holes left empty and wrapped in Parafilm were included to distinguish the impact of fungal infection from the mechanical damage alone. Controls were not treated.
After 3 weeks, all seedlings were harvested and needles and bole sections were stored at -40 °C until chemical analysis. In seedlings with simulated herbivory, needles were sampled from new, undamaged sections in the upper third of the crown. For the remaining treatments, needles were sampled from new growth in the upper third of the seedlings. Phloem samples were taken from the bole close to the location of application: above the MJ/MS treatment, above G. clavigera inoculations or mechanical wounding, and below the branches of the crown in defoliated and untreated control seedlings.
Chemical analysis
All tissue was ground in liquid nitrogen using a mortar and pestle, and monoterpenes were extracted using the similar methods reported in Colgan and Erbilgin (2011) . Five hundred microlitres of dichloromethane (CH 2 Cl 2 ) (Sigma-Aldrich, St Louis, MO, USA) with 0.1% tridecane (Sigma-Aldrich) as a surrogate standard were added to 100 mg of ground tissue in a 1.5 ml microcentrifuge tube. The samples were vortexed for 30 s, placed in an ultrasonic bath for 10 min, and then centrifuged at 0 °C and 13.2 rpm for 15 min. The extract was pipetted into a gas chromatography vial and stored at -40 °C. The sample was then extracted for a second time using the same method. The second extract was added to the first and stored at -40 °C until chemical analysis.
Extracts (1 µl) were analysed using Agilent 7890A Gas Chromatograph (Agilent Technologies, Santa Clara, CA, USA) equipped with an HP Innowax column (I.D. 0.32 mm, length 30 m), helium carrier gas flow at 1.8 ml min −1 and the temperature 50 °C for 2 min, increased to 160 °C by 5 °C min −1 , and then to 250 °C by 20 °C min −1 . Peaks were identified using the following standards: borneol, pulegone, α-terpinene, γ-terpinene, α-terpineol (Sigma-Aldrich), camphor, 3-carene, α-humulene, terpinolene, α-thujone, β-thujone, (-)-α-pinene, (-)-β-pinene, (S)-(-)-limonene, sabinene hydrate, myrcene, (-)-camphene, p-cymene (Fluka, Sigma-Aldrich, Buchs, Switzerland), α-phellandrene, bornyl acetate, ocimene (SAFC Supply Solutions, St Louis, MO, USA) and β-phellandrene (Glidco Inc., Jacksonville, FL, USA); and by comparison of the retention indices. For all samples the peaks were integrated and peak area was compared for qualitative and quantitative differences between samples of differently treated seedlings at different time points.
Statistical analyses
For both experiments, fungal growth was quantified by comparing the lesion lengths of G. clavigera with those induced by mechanical wounding in jack pines. The length of G. clavigera lesions in mature trees and seedlings did not meet the assumptions of parametric statistics (even after transformations) and instead were analysed using non-parametric Kruskal-Wallis and Wilcoxon two-sample tests. The effect of the inoculation level was tested by comparing lesion lengths among the levels of inoculation in both field and greenhouse experiments.
Total monoterpene concentrations after treatments were tested using Proc GLM in SAS (v9.1 SAS Institute, NC, USA). The same analyses were performed for total monoterpene concentrations in each of mature phloem and seedling needle and phloem tissues. In mature trees, phloem monoterpenes were transformed (ln) for one-way analysis of variance (ANOVA). In seedlings, total needle monoterpenes met ANOVA assumptions and total phloem monoterpenes were transformed (ln).
First, we conducted an ANOVA of total monoterpene concentration between damage types, damage levels and their interaction. When the interaction was not significant, an ANOVA of total monoterpene concentration by damage type was conducted to examine the differences among the damage types and the control. An LSMEANS statement was included to compare each damage type to the control using Dunnett's test. Specific contrast statements were also used to observe differences between hormone applications and real damage: MJ vs. G. clavigera in mature trees, and MJ vs. simulated herbivory, MJ vs. G. clavigera inoculation, MS vs. simulated herbivory, and MS vs. G. clavigera inoculation in seedlings. Second, another GLM procedure was used to examine the total monoterpene concentrations among damage levels within each damage type. Finally, t-tests were used to compare total monoterpene concentrations of G. clavigera and mechanical wounding.
Monoterpene composition in all tissues was analysed by examining individual monoterpenes as a proportion of total concentration. For mature trees, α-pinene, β-pinene, 3-carene, limonene and myrcene were examined as they composed over 95% of the total phloem monoterpene concentration. For juveniles, α-pinene, β-pinene, 3-carene, limonene, myrcene and bornyl acetate were tested as they composed over 95% of the total monoterpene concentration in needles and phloem. The same statistical analyses were performed without transformations for each individual monoterpene for mature phloem, juvenile needle and juvenile phloem tissues. For each monoterpene, an ANOVA of damage type, damage level and their interaction was conducted. When the interaction was not significant, an ANOVA of monoterpene proportion and damage type was conducted. Again, an LSMEANS statement was included to compare the proportion in each damage to that of the control using Dunnett's test. Specific contrast statements were also included to test differences between hormone application and real damage for the pairs listed for total monoterpene comparisons.
Total monoterpene concentrations in juvenile needles and phloem were transformed (ln) to achieve normality, and damage types were compared using t-tests to observe any differences in the tissues. The folded F test or Satterthwaite t-test was used to test equality of variance and the appropriate pooled variance. First, total monoterpene concentrations were compared between needles and phloem irrespective of treatment. We also examined the proportional change in monoterpene concentration from the untreated control in each damage (Δ = [induced − untreated]/untreated). Wilcoxon's two-sample tests were used to examine differences between needles and phloem by damage type. Individual monoterpenes (α-pinene, β-pinene, 3-carene, limonene, myrcene and bornyl acetate) were assessed in terms of a change in proportion from the Damage type and plant ontogeny affect jack pine defences 949 untreated control, as described above, and then by damage type using Wilcoxon's two-sample tests.
Results
Field experiment
Among damage types, damage levels and their interactions, only damage type had significant impact on total monoterpenes of mature jack pine trees (Figure 1) . Further comparisons between damage types were therefore conducted on pooled data, regardless of damage level. Dunnett's test revealed that total monoterpenes in G. clavigera-inoculated and MJ-treated trees were significantly higher than those with mechanical wounding or untreated controls. Pair-wise comparisons between MJ and fungal inoculation treatments indicated that total monoterpernes did not vary between these two treatments (F = 1.76, df = 1, P = 0.19). Control trees had the lowest total monoterpene level among all treatments.
In addition, trees with G. clavigera inoculations had significantly longer lesions than the mechanical wounding (Figure 2 ). Inoculation levels (12 or 36) did not affect lesion length (55.1 ± 6.43 mm for 12 inoculations, 59.6 ± 3.22 mm for 36 inoculations) (Z = −0.90, P = 0.37). However, trees that received 36 inoculations had significantly more monoterpenes than trees with 12 inoculations (Table 1) . Further comparisons of phloem monoterpene levels between fungalinoculated and mechanically wounded trees showed that at both inoculation levels the fungal-inoculated trees had higher total monoterpenes than mechanically wounded trees (Table 1) . Differences between the fungal inoculation and mechanical wounding were more pronounced at the higher inoculation level (36), and inoculated trees had ~70% more monoterpenes.
The proportions of α-pinene, β-pinene, 3-carene, limonene and myrcene in phloem were examined for each treatment (see Appendix Table A1 available as Supplementary Data at Tree Physiology Online). For each monoterpene, an ANOVA of damage type, damage level and their interaction was not significant. As a result, each monoterpene in the MJ application, G. clavierga inoculation and mechanical wounding treatments was compared with the control treatment or to each another. Both myrcene (F = 4.59, df = 3, P = 0.02) and β-pinene (F = 3.74, df = 3, P = 0.03) were significantly more in treated trees than in untreated controls. In the phytohormone-real damage contrasts, MJ-treated trees had higher myrcene (F = 5.32, df = 1, P = 0.026) and β-pinene (F = 4.82, df = 1, P = 0.033) than G. clavigera-inoculated trees. Interestingly, control trees had a several-fold higher concentration of 3-carene than any other treatment (F = 11.3, df = 3, P < 0.001). percentile, the line through the box is the median, the capped lines indicate the 10th and 90th percentile and the dots represent the 5th and 95th percentile. *Indicates that there is a significant difference (P < 0.05) between lesion length of the G. clavigera inoculation and mechanical wounding using a two-tailed Wilcoxon two-sample test. Table 1 . Total phloem monoterpene concentrations (µg g −1 of dry weight tissue) of G. clavigera inoculated and mechanically wounded mature jack pine trees in a jack pine forest in northern Alberta. Data were transformed (ln) to meet the assumption of normality. Lowercase letters indicate significant differences in a row and capital letters indicate significant differences in a column.
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Greenhouse experiment
Monoterpene concentrations in needles were significantly different among treatments (Figure 3 ) but the damage leveldamage type interaction was not significant (F = 1.56, df = 6, P = 0.17). A Bonferroni corrected post-hoc test indicated that the highest monoterpene concentration occurred in seedlings with MJ-, fungal-or MS application, followed by defoliated seedlings and untreated controls. Needles of untreated jack pine seedlings had the statistically lowest concentrations. In pair-wise contrasts of phytohormone applications (MJ, MS) and real damage (simulated herbivory, fungal inoculation), needle monoterpenes varied significantly between simulated herbivory and MJ application (F = 16.85, df = 1, P < 0.0001), and between G. clavigera inoculation and MJ application (F = 8.57, df = 1, P < 0.014), and were moderately significant between simulated herbivory and MS application (F = 3.58, df = 1, P = 0.06). We further investigated whether needle monoterpenes varied between fungal inoculation and mechanical wounding treatments and found that at all levels G. clavigera-inoculated seedlings had higher monoterpene concentrations than mechanically wounded seedlings ( Table 2 ). The seedlings with the two highest inoculation levels (3, 6) had higher monoterpenes than the lowest level and there was no difference between the two highest levels. Seedlings that received three or six wounding treatments had higher needle monoterpenes than seedlings with the lowest wounding.
The proportions of α-pinene, β-pinene, 3-carene, limonene, myrcene and bornyl acetate in needles were analysed for each treatment (see Appendix Table A2 available as Supplementary Data at Tree Physiology Online). The interaction of damage type and damage level was only significant for 3-carene (F = 3.85, df = 4, P = 0.02). With the exception of MJ treatments, all treated seedlings had higher 3-carene than control seedlings. For all other individual monoterpenes there was no difference among damage types (all models P > 0.05, results not shown) or between damage type and the control (P > 0.05, results not shown). In pair-wise contrasts between hormone applications and real damage, the proportion of 3-carene was higher in G. clavigera-inoculated seedlings than in MJ-treated seedlings (F = 4.22, df = 1, P = 0.04).
In phloem tissue, although monoterpenes did not vary within each damage level and damage level-damage type interactions were not significant, monoterpene concentrations varied among damage types (Table 3, Figure 4 ). All treated seedlings had higher total monoterpenes than untreated control seedlings. However, there was no difference among the treated seedlings (Figure 4) . Pair-wise contrasts of phytohormone application and real damage were not significant for any comparisons (P > 0.05, results not shown).
Lesion lengths due to G. clavigera inoculations were significantly longer than those of mechanical wounding ( Figure 5 ). Further, lesion lengths varied with different inoculation levels (χ 2 = 9.91, P = 0.007), with the single inoculation having significantly longer lesions than three or six inoculations ( Figure 5 ). Further examination of total monoterpenes between G. clavigera and wounding treatments revealed that G. clavigera treatment had higher monoterpenes than the mechanical wounding treatments in both the 1 and 3 inoculation levels (Table 4 ). There was no difference at the highest inoculation Damage type and plant ontogeny affect jack pine defences 951 level (6) between these two treatments. Further, seedlings with the highest G. clavigera inoculations had higher monoterpenes than the other two levels (1, 3). In contrast, in mechanical wounding treatments, the lowest and highest wounding levels had similar and higher monoterpenes than the three wounds (Table 4) . The proportions of α-pinene, β-pinene, 3-carene, limonene, myrcene and bornyl acetate in seedling phloem were analysed (see Appendix Table A3 available as Supplementary Data at Tree Physiology Online). The proportions with damage type, damage level and their interaction were not significant for any of the compounds tested, so they were analysed by damage type. Among damage types, only the proportion of myrcene significantly varied among damage types (F = 2.64, df = 4, P = 0.04) and was higher in seedlings treated with MJ application than in the control seedlings (P = 0.012). Pair-wise comparisons of monoterpene proportions between hormone application and real damage revealed that bornyl acetate was higher in MJ-treated than in both simulated herbivory (F = 4.79, df = 1, P = 0.03) and MS-treated seedlings (F = 4.14, df = 1, P = 0.04).
Phloem vs. needle monoterpene concentrations in seedlings
Overall, phloem had a significantly higher concentration of total monoterpenes than needles across all treatments, including the control (Table 5, Figure 6 ). When total monoterpene concentration in each damage type was examined as a proportional change from the concentration of the control, the magnitude of induction in phloem was larger than in needles for all damage types (Figure 6 ). In addition, the proportional change in individual monoterpenes (α-pinene, β-pinene, 3-carene, myrcene and limonene) in treated seedlings relative to the control seedlings was examined. Overall, the proportions of β-pinene and myrcene increased more in phloem than in needles, while the proportion of limonene increased more in needles than in phloem. With the exception of simulated herbivory, the phloem of seedlings with the remaining three treatments (fungal inoculation, MJ and MS applications) had higher β-pinene than needles, while the phloem of seedlings treated with hormones (MJ and MS) had higher myrcene than needles. Needles of seedlings with all four treatments had higher limonene than phloem. Figure 4 . Total phloem monoterpene concentrations (µg g −1 tissue) (mean ± standard error) of jack pine juveniles in response to several treatments in a greenhouse experiment (F 4,119 = 31.9, P < 0.0001). Data were transformed (ln) for analysis. See Materials and methods for a detailed description of treatments. Figure 5 . Box plot of mean lesion lengths (mm) of G. clavigera inoculated and wounded control jack pine juveniles in a greenhouse experiment. Box indicates the 25th and 75th percentile, the line through the box is the median, the capped lines indicate the 10th and 90th percentile and the dots represent the 5th and 95th percentile. Letters indicate significant differences between G. clavigera inoculated seedlings in a Bonferroni-corrected post hoc test. F = G. clavigera inoculation, W = wounded inoculation. *Indicates that there is a significant difference (P < 0.05) between lesion length of the wound and G. clavigera inoculation using a two-tailed Wilcoxon two-sample test. See Materials and methods for a detailed description of treatments. Table 4 . Total phloem monoterpene concentrations (µg g −1 of dry weight tissue) of G. clavigera inoculated and mechanically wounded jack pine juveniles. Data were transformed (ln) to meet the assumption of normality. Lower-case letters indicate significant differences in a row and capital letters indicate significant differences in a column.
Number of inoculations
Difference between phloem monoterpene concentrations in mature and juvenile trees
Total monoterpene concentrations were averaged across MJ-treated, G. clavigera-inoculated, wounded and control trees for seedlings and mature jack pines (Table 6 ). When examining the magnitude of changes in monoterpene concentrations from the control, seedlings had a larger magnitude of change compared with mature seedlings (Table 6 ). Examining proportions of total monoterpenes, α-pinene, β-pinene, myrcene and limonene indicated that only α-pinene and myrcene had a larger magnitude of increase in mature trees than in seedlings (Figure 7 ). Further examination of interactions between individual monoterpenes and treatments suggested that mature trees in all three treatments (wounding, fungal inoculation and MJ application) had higher total monoterpenes and myrcene, whereas fungalinoculated and MJ-treated mature trees had significantly higher α-pinene than seedlings with the same treatments (Figure 7 ).
Discussion
The results of this study have demonstrated that changes in monoterpene concentration and composition are inducible responses in both juvenile and mature jack pine trees, supporting earlier reports Raffa 1999, Colgan and . Further, MJ treatments induced similar monoterpenes to G. clavigera inoculations in both mature and juvenile jack pine trees, suggesting de novo synthesis of terpenoids in jack pine (Keeling and Bohlmann 2006) . Monoterpene concentrations of Damage type and plant ontogeny affect jack pine defences 953 Figure 6 . Box plots of changes in total and individual monoterpenes relative to the concentration of the untreated control in needles (grey) and phloem (white) of juveniles. Z and P values are results of a Wilcoxon two-sample test with all damages grouped together for juvenile vs. needle phloem. Def = mechanical defoliation, Inoc = G. clavigera inoculation, MJ = methyl jasmonate and MS = methyl salicylate. *Indicates a significant difference in a Wilcoxon two-sample test between needles and phloem in the same damage type. See Materials and methods for a detailed description of treatments. (Martin et al. 2002 , Hudgins et al. 2003 , Durrant and Dong 2004 , Heijari et al. 2005 , Erbilgin et al. 2006 , Krokene et al. 2008 , Krajnc et al. 2011 , Schmidt et al. 2011 . For example, MJ induced extensive biochemical and anatomical changes in Norway spruce similar to those caused by pathogens and herbivores (Franceschi et al. 2002 , Martin et al. 2002 , Erbilgin et al. 2006 , Zhao et al. 2010 . These putative defensive responses have been implicated in protection against its principal enemy, the bark beetle Ips typographus L. and its fungal associate, Ceratocystis polonica (Siem.) C. Moreau. Likewise, salicylic acid application induced multiple chitinase homologues in slash pine (Pinus elliottii Engelm.) similar to those induced after inoculation with Fusarium subglutinans (Davis et al. 2002) . Further, Norway spruce accumulated free and bound salicylic acid in cotyledons, hypocotyls and roots when exposed to volatile MJ (Kozlowski et al. 1999 ).
Further research is required to understand the effects of phytohormones on other tree defences, such as phenolics, and the molecular regulation of defence responses in jack pine. In the current study, mechanical defoliation of juvenile jack pines was used to simulate jack pine budworm defoliation. Induced monoterpenes were higher in both the needles and phloem of defoliated trees. However, the induction of monoterpene profiles in needles was different from monoterpenes induced by jack pine budworm defoliation (Colgan and Erbilgin 2011) . In the earlier study, budworm defoliation induced higher concentrations of α-pinene, β-pinene, myrcene and limonene in needles compared with the simulated defoliation in the current study. Our study agrees with previous suggestions that herbivory can induce changes that may not be achieved with mechanical damage alone (Hartley and Lawton 1987, Turlings et al. Figure 7 . Box plots of the change in total and individual phloem monoterpenes relative to the concentration of the untreated control for juvenile (grey) and mature (white) trees. Wound = wounded control, Inoc = G. clavigera inoculation, MJ = methyl jasmonate. *Indicates a significant difference in a Wilcoxon two-sample test between needles and phloem in the same damage type. See Materials and methods for a detailed description of treatments. 1990). For example, simulated herbivory induced monoterpene cyclases in needles of ponderosa pine (Pinus ponderosa Douglas ex C. Lawson), lodgepole pine and white fir (Abies concolor (Gordon) Lindley ex Hildebrand) (Litvak and Monson 1998) , but direct comparisons of monoterpenes between herbivory and mechanical defoliation indicated that herbivory resulted in a 2.5-fold larger monoterpene response in ponderosa pine (Litvak and Monson 1998) . Likewise, Hartley and Lawton (1987) reported higher phenolic induction after caterpillar grazing than artificial damage or leaf mining on birch foliage.
Inoculations by G. clavigera resulted in the induction of monoterpenes in both juveline and mature jack pines. Although we did not observe any difference in lesion lengths between inoculation levels in mature trees, fewer inoculations caused longer lesions in juvenile jack pine than both the medium and high densities. In addition, trees with longer lesions generally had lower monoterpenes than those with shorter lesions, suggesting a possible relationship between lesion length and monoterpenes on jack pine Blodgett 2003, Krokene et al. 2008 ). However, because we did not identify other chemicals, such as phenolic glycosides, nor investigate anatomical changes, we are very cautious about inferring that higher monoterpene concentrations reduced lesion lengths in this study (Franceschi et al. 2005 , Heijari et al. 2005 , Wallis et al. 2008 , Eyles et al. 2010 .
In juvenile jack pines, total monoterpenes were consistently higher in stems than in needles across all treatments. Further, stems had a higher magnitude of induction than needles, calculated as the proportional change from control trees. These observed differences between needles and stems suggest differential allocations of defences among plant parts. Such differences may reflect differences in the importance of the plant parts. Zangerl and Bazzaz (1992) suggested that since phloem is vital connective tissue between the roots and needles, and the stem is often more valuable to plants than other parts, it is evolutionarily reasonable to expect that plants invest more defences in stem tissues.
Such differences between tissues can also be explained by the different probabilities of attacks on different plant parts. Jack pine is associated with many enemies, among which stem colonizing bark beetles and jack pine budworm are the most prominent. Although jack pine-dominated ecosystems are considered to have evolved with periodic budworm defoliation (McCullough 2000) , it is difficult to estimate the probability of attack by any of these organisms in this system. However, these two feeding guilds differ in their probability of causing mortality on jack pine: budworms require continuous defoliation over multiple years while bark beetles can cause tree mortality in a given year (McCullough 2000 , Raffa et al. 2008 ). In the current study, since stems had higher constitutive and induced defences than foliage, we suspect that this could be a consequence of the probability of plant mortality, rather than the probability of attack. The optimal defence theory predicts that tissues that are less likely to be attacked by herbivores contain low constitutive defences and high inducibility, while tissues with higher probability of attack have high levels of constitutive defence and low inducibility (Rhoades 1979) . Thus, our results further complicate plant defence theories and suggest that the probability of mortality should be considered in the evolution of herbivory-plant interactions.
Constitutive monoterpenes in phloem were consistently higher in juveniles than in mature jack pine trees across all treatments, but the magnitude of induction was much larger in mature trees, suggesting that ontogeny plays a role in jack pine defences. Our data suggest at least two possible mechanisms to explain the discrepancy between mature and juvenile trees in this study. First, besides chemical defences, mature trees have well-developed physical defences, such as the lignification of tissues and the formation of traumatic resin ducts and stone cells (Franceschi et al. 2005 ) and may require low levels of chemical defences, whereas juveniles usually have poor physical defences and may primarily rely on chemical defences (Barton and Korchieva 2010) . Second, juveniles are less tolerant of damage than mature plants (Haukioja and Koricheva 2000) , and thus it is reasonable to expect that they should have high levels of constitutive defences. In contrast, mature trees have more storage (i.e., stems and roots), and higher production capacity for photosynthesis products (i.e., carbon), thus being well equipped for high levels of induced defences to better accommodate the unpredictability of herbivory and to respond to a multitude of attackers (Lerdau and Gershenzon 1997) . Further research is needed to examine how resource allocation affects defences of juvenile and mature jack pine trees.
Although changes in total monoterpene concentrations provide some indication of plant resistance or susceptibility to herbivory or pathogen infection, an increase in total monoterpene concentration may not correspond to increase defence (e.g., Heijari et al. 2005) . Our data suggest that individual compounds can provide even stronger responses and thereby can be more important in understanding plant defences than the total concentration (Berenbaum 1995) . In this study, damage treatments altered the proportion of individual monoterpenes of jack pine. For example, induced myrcene concentration in both juvenile and mature trees was much higher after MJ application than in the control treatment. Interestingly, Wallin and Raffa (1998) found lower concentrations of myrcene in tissues preferred by jack pine budworm, suggesting that myrcene production may target defoliators. In addition, the concentration of β-pinene increased with MJ application in mature trees. Similarly, Wallin and Raffa (1999) found increased β-pinene in jack pine after jack pine budworm defoliation. Currently we do not know the ecological role of β-pinene in mediating plant-herbivore-natural enemy interactions.
Finally, this study showed differences in jack pine responses to phytohormone applications and real damage. Total Damage type and plant ontogeny affect jack pine defences 955 monoterpenes did not differ between MJ application and G. clavigera inoculation in mature trees but MJ induced higher proportions of myrcene and β-pinene. In juvenile needles, total monoterpene concentration in defoliated trees was lower than in trees that received MJ/MS applications or G. clavigera inoculation. Further, G. clavigera inoculation induced higher 3-carene than MJ. In juvenile phloem, total monoterpene concentration did not differ among phytohormone applications and real damage and only bornyl acetate was higher in MJ-treated than both defoliated and MS-treated seedlings. These results suggest that jack pine has developed different defence mechanisms against herbivores and pathogens (Smith et al. 2009 ) and that its defensive pathways are regulated by different hormones. Although we do not have a complete understanding of defensive pathways in jack pine, two hormones mainly regulate plant responses. In most species, salicylic acid controls plant responses to biotrophic pathogens, whereas jasmonic acidmediated responses are usually directed against herbivores and necrotrophic pathogens (Bostock 2005 , Stout et al. 2006 , Heil and Ton 2008 , although both pathways can also be activated by herbivores alone (Yang et al. 2011) . Further studies in this system should identify these pathways and determine whether induction of one pathway prevents the synthesis of the other, therefore leading to an impaired capacity to respond to either pathogen infection or insect damage (Bostock 2005) .
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